Chlorogenic acids (CGA) are abundant phenolic compounds in coffee, with caffeoylquinic (CQA), feruloylquinic (FQA), and dicaffeoylquinic (diCQA) acids being the major subclasses. Despite the potential biopharmacological properties attributed to these compounds, little is known about their bioavailability in humans. In this study, we evaluated the distribution profile of the major CGA isomers and metabolites in plasma and urine of 6 healthy adults for 4 h after brewed coffee consumption. Three CQA isomers and 3 diCQA isomers were identified in the plasma of all subjects after coffee consumption, whereas 2 FQA were identified in only 1 subject. Two plasma concentration peaks were observed, the first at 0.5-1.0 h and the second at 1.5-4.0 h after coffee consumption. The molar ratio CQA:diCQA was 12.2 in the brewed coffee, whereas in plasma it ranged from 0.6-2.9. The molar ratios 5-CQA:3-CQA and 5-CQA:4-CQA were consistently higher in plasma than in the brew. The main CGA metabolites identified in urine after coffee consumption were: dihydrocaffeic, gallic, isoferulic, ferulic, vanillic, caffeic, 5-CQA, sinapic, r-hydroxybenzoic, and r-coumaric acids (gallic and dihydrocaffeic acids being the major ones). This study indicates that the major CGA compounds present in coffee are differentially absorbed and/or metabolized in humans, with a large inter-individual variation. Moreover, urine does not appear to be a major excretion pathway of intact CGA compounds in humans.
Introduction
Coffee is the most consumed food product in the world. In the last few years, a series of epidemiological studies have associated coffee consumption with health benefits, such as reduction of the relative risk of diabetes type 2 and Parkinson and Alzheimer diseases (1) (2) (3) . In vitro and in vivo studies have attributed these beneficial properties of coffee mainly to the antioxidant capacity of the chlorogenic acids (CGA) 4 (4) (5) (6) , which are usually responsible for 2-5 g/100 g of roasted coffee composition (7, 8) .
CGA are formed by the esterification of hydroxycinnamic acids, such as caffeic, ferulic, and r-coumaric, with quinic acid. Quantitatively speaking, the main CGA subclasses in coffee are caffeoylquinic acids (CQA), dicaffeoylquinic acids (diCQA), and feruloylquinic acids (FQA) with at least 3 isomers per group (9) . Among these compounds, 5-CQA alone accounts for ;35% of total CGA in roasted coffee, with all CQA and diCQA isomers being together responsible for 92-95% of CGA (8, 10) .
Despite the potential biopharmacological properties attributed to different CGA compounds, studies on their bioavailability in humans are scarce, mainly due to analytical limitations. Caffeic acid, a primary metabolite of CQA, and diCQA have been detected in rat and human plasma and urine, especially in conjugated forms (11) (12) (13) (14) (15) (16) . The presence of free and conjugated forms of 5-CQA in rat plasma has been reported after 5-CQA intraperitoneal administration (11) . Lafay et al. (17) identified the presence of 5-CQA and caffeic acid in rat plasma 1.5 h after the consumption of a diet supplemented with 5-CQA. Recently, Farah et al. (18) identified 3-CQA, 4-CQA, 5-CQA, and other cinnamates in human digestive fluids after 12 h fasting, indicating their circulation in the blood stream. Until present, no CQA, FQA, or diCQA isomers have been identified in human plasma.
The objective of this study was to determine the distribution profile of the main CGA compounds and metabolites in human plasma and urine after acute coffee consumption.
Subjects and Methods
Subjects. Six nonsmoking subjects, 22-55 y of age, 2 male and 4 female, were recruited. They were healthy as judged by a medical questionnaire, with normal blood values for hemoglobin and hematocrit and were not taking any medication or nutritional supplements. The study protocol was approved by the Comissã o de É tica para Aná lises de Projeto de Pesquisa-CAPPesq/ Faculdade de Medicina/ Universidade de Sã o Paulo Ethical Committee and fully explained to the subjects, who gave their written informed consent prior to participation.
Coffee brew preparation. Beans of decaffeinated Coffea canephora cv. Conillon were roasted to light medium roasting degree for preparation of coffee brew. Coffee brew was prepared by adding 250 mL of freshly boiled water (90-95°C) into 40 g of coffee powder placed in a paper filter. An aliquot of the coffee brew offered to each subject was separated for subsequent analysis of the CGA content.
Study design and sample collection. The subjects were instructed to avoid consumption of phenolic-containing foods during the 24 h prior to the study. They were asked to eat only animal foods, refined cereal foods, and artificial beverages. On the day of the study, after 8-10 h overnight fasting, an i.v. catheter was inserted into the antecubital vein and a baseline heparinized blood sample was obtained. A standard amount (190 mL) of brewed coffee was offered to each subject and sequential blood draws were obtained at 0.5, 1, 1.5, 2, 3, and 4 h after coffee consumption. Blood samples were collected into heparin-containing tubes. Plasma samples were obtained by centrifugation of the blood samples immediately after being drawn. Urine samples were also collected at baseline and at intervals of 0-2 h and 2-4 h after coffee consumption into appropriate plastic containers. Plasma and urine aliquots for determination of CGA were acidified with HCl and kept frozen in liquid nitrogen until analysis. Urine aliquots for determination of creatinine were acidified with HCl and kept at 220°C until analysis. Two hours after coffee consumption, subjects ate a CGAfree snack composed of white bread (50 g) and cream cheese (40 g ).
Clarification of brewed coffee for chromatographic analysis. The brewed coffee was clarified using an adaptation of the method described by Trugo and Macrae (20) .
Extraction of chlorogenic acids from plasma for chromatographic analysis. Each plasma sample was deproteinized with addition of ethanol and vortexed. The sample was then centrifuged at 17,500 3 g; 5 min at 4°C. The protein pellet was resuspended twice in ethanol and recentrifuged in the same conditions. The pooled ethanol phases were dried under nitrogen flow and the residue obtained was resuspended in sodium acetate buffer, vortexed, and incubated at 37°C for 2 h in the presence of 4000 units of b-glucuronidase and 116 units of sulfatase from Helix Pomatia (Sigma-Aldrich). This enzyme treatment was used to quantify the sum of free and conjugated forms of CGA and metabolites. At the end of incubation, the sample was acidified with HCl and methanol aqueous solution (40%, v:v) was added, as in Farah (21) . The mixture was centrifuged at 12,000 3 g; 10 min at 4°C and the supernatant was analyzed by both HPLC and liquid chromatography MS as described below.
The extraction reproducibility was tested using aliquots of the same plasma sample collected 1.0 h after coffee consumption and stored in liquid nitrogen. Analyses were carried out by HPLC (see below) on 2 consecutive days, with triplicate analyses carried out each day. The CV for all CGA compounds and caffeic acid analysis in plasma was #5.5%. The extraction recovery was tested in triplicate by adding known amounts of 5-CQA to plasma aliquots not containing CGA. We recovered 88% 5-CQA, 4% 4-CQA, and 7% caffeic acid, totaling in moles 99% of the initial amount of 5-CQA. Based on these results, analyses of plasma samples were conducted in duplicates.
Extraction of chlorogenic acids from urine for chromatographic analysis. The pH of each urine aliquot was adjusted to 5.0 with sodium acetate, 4000 units of b-glucuronidase and 116 units of sulfatase from Helix Pomatia were added, and the mixture was incubated in a water bath at 37°C for 2 h. At the end of incubation, the sample was acidified with HCl and methanol aqueous solution (40%, v:v) was added with subsequent vortexing. The content was transferred to an Eppendorf tube with a cellulose filter (Microcon YM-10, Milipore) and centrifuged at 17,000 3 g; 30 min at 4°C, as in Farah (21) . The supernatant was analyzed by both HPLC and LCMS as described below.
Standards. Chlorogenic acid (5-CQA), caffeic acid, r-coumaric acid, ferulic acid, isoferulic acid, gallic acid, dihydrocaffeic acid, vanillic acid, syringic acid, 3,4-dihydroxybenzoic acid, r-hydroxybenzoic acid, sinapic acid, n-metil hippuric acid, o-metil hippuric acid, and r-metil hippuric acid were purchased from Sigma-Aldrich. Hippuric acid was purchased from Merck. A mixture of 3-CQA, 4-CQA, and 5-CQA was prepared from 5-CQA using the isomerization method of Trugo and Macrae (19, 20) , also described in Farah et al. (19) . For diCQA, a mixture of 3,4-diCQA, 3,5-diCQA, and 4,5 diCQA (Roth) was used. 4-FQA and 5-FQA were identified according to Farah et al. (19, 22) .
HPLC analysis. Brewed coffee, plasma, and urine extracts were analyzed by a HPLC gradient system as described in detail by Farah et al. (19) using a high precision pump (LC-10AD, Shimadzu) and a UV detector (model SPD-10AVp) operating at 325 nm for detection of chlorogenic and other hydroxycinnamic acids and at 280 nm for gallic, 3,4-dihydroxybenzoic, dihydrocaffeic, r-hydroxybenzoic, syringic, sinapic, and hippuric acids. Fifty microliters of plasma and urine extracts and 20 mL of clarified coffee samples were injected. For the urine analyses, small changes in the gradient were introduced for a better separation of phenolic compounds.
Chromatographic data were recorded and integrated in the Class Vp computer software (Shimadzu). The identification of CQA, FQA, and diCQA was primarily performed by comparison of the retention time of the investigated peaks with those of the respective standards (see above). Samples were also spiked with small amounts of the available standards. We confirmed their identity by LCMS analyses as described by Farah et al. (22) . Due to the low purity of some of the standards, the quantification of all CGA was performed using the area of the 5-CQA standard combined with the molar extinction coefficients of the respective CGA as previously described (19, 20) . The quantification of all phenolic acids (caffeic, ferulic, isoferulic, r-coumaric, gallic, dihydrocaffeic, vanillic, syringic, 3,4-dihydroxybenzoic, r-hydroxybenzoic, and sinapic acid) was performed by comparing their peak areas with those of the respective standards. The detection limit for 5-CQA (4-fold baseline noise) under the conditions used in this study was 0.002 mmol/L.
Results of CGA and other phenolic compounds in urine were expressed as micromoles per millimoles creatinine. Urine creatinine was determined by the Jaffe reaction (23).
Pharmacokinetic calculations. For each subject, plasma concentrations of caffeic acid and total and specific isomers of CQA and diCQA were plotted over time after coffee consumption for the 4 h of the study. From this plotting, the following plasma pharmacokinetic parameters were calculated: area under the curve (AUC) of total and individual components using GraphPad Prisma software (version 4.0); maximum plasma concentration (C max ) and time corresponding to C max (T max ) of total and individual components. We also calculated molar ratios between AUC of specific components.
Statistical analysis. Results are presented as means with corresponding SD. Associations between plasma AUC or C max and urinary concentration of specific compounds were tested by simple correlation using Statistica (version 7). Molar ratios of specific CGA components were compared between brewed coffee (calculated as concentration ratios) and plasma (calculated as AUC ratios) by unpaired t test using GrapPad Prisma software. Differences were considered significant at P , 0.05.
Results
Brewed coffee. The content of CGA compounds determined in the brewed coffee portion (190 mL) offered to the subjects is presented in Table 1 . The CV for each CGA component in the brewed coffee aliquots analyzed was consistently lower than 5%, indicating that the brewing process was reproducible in terms of CGA composition. Eight major CGA compounds Although caffeic acid, an immediate metabolite of CQA and diCQA, was not detected in the brew, it was present in all plasma samples after coffee consumption, contributing on average to 14% of total plasma hydroxycinnamates. A large inter-individual variation was observed in the pharmacokinetic profile of all CGA compounds and caffeic acid in plasma (Fig. 1) . However, the plasma kinetic profile of the individual isomers within the subclasses was very similar for each subject, following the same pattern. Therefore, for clarity purposes, only the plasma pharmacokinetic profiles of total CQA, total diCQA, total CGA, and caffeic acid at baseline and at 4 h after coffee consumption are given (Fig. 1) . Two plasma concentration peaks were consistently identified in all subjects: peak 1, 0.5-1 h after coffee consumption, and peak 2, 1.5-4 h after coffee consumption. It should be noted that the C max within the 4 h of the study corresponded to the earliest peak in subjects 2 and 5 and to the latest peak in subjects 1, 4, and 6.
C max , T max , and AUC of the CGA compounds identified in the plasma of the 6 subjects after coffee consumption are shown ( Table 2 ). C max of total CGA varied from 4.7 to 11.8 mmol/L; C max of total CQA varied from 1.4 to 8.3 mmol/L, whereas C max of total diCQA varied from 1.1 to 4.0 mmol/L among the individuals, with mean concentrations of 7.7, 4.9, and 3.0 mmol/L, respectively. Although T max for the different CGA compounds was, on average, close to 2 h, T max for total CGA, total CQA, and total diCQA varied considerably in the individuals (from 1 to 4 h). 4-FQA and 5-FQA were identified in only 1 subject (no. 3) at 1, 1.5, and 2 h after coffee consumption. In this subject, the C max of 415-FQA was 0.38 mmol/L and T max was 1.0 h. C max of caffeic acid (mean ¼ 1.6 mmol/L) occurred at 1.4 h after coffee consumption, earlier than for total CQA (2.25 h) and for total diCQA (2.3 h). 5-CQA, the main CGA in the coffee brew, was also the major CGA identified in the plasma of all subjects at all time points after coffee consumption, as indicated by both C max and AUC of 5-CQA (Table 2) . Considering mean values, 5-CQA plasma AUC contributed 40.7% of AUC of total hydroxycinnamates in plasma. AUC of caffeic acid corresponded to 14.1% of AUC of total hydroxycinnamates. The molar ratio CQA:diCQA in plasma (2.06 6 0.96) was lower than in the brewed coffee (12.24 6 0.15). Moreover, the plasma molar ratios 5-CQA: 3-CQA and 5-CQA:4-CQA were 4.91 6 2.16 and 4.38 6 2.85, respectively, ;4 times greater in plasma than in the brewed coffee (1.25 6 0.01 and 1.07 6 0.01, respectively).
Urine samples. The urinary concentrations (mmol/mmol creatinine) of CGA metabolites were identified in each subject before and after coffee consumption ( Table 3) . Small amounts of 5-CQA, caffeic acid, ferulic acid, isoferulic acid, p-coumaric acid, gallic acid, and vanillic acid were identified in the urine of different subjects collected before coffee consumption. From these compounds, only isoferulic acid was identified in the urine of all subjects. As with plasma, after coffee consumption, a large inter-individual variation was observed in the concentration and urinary pharmacokinetic profile of all compounds. The only intact CGA compound identified in urine after coffee intake was 5-CQA. Dihydrocaffeic acid, gallic acid, isoferulic acid, vanillic acid, caffeic acid, ferulic acid, and sinapic acid were identified in the urine of all subjects. Para-hydroxybenzoic was identified in 3 subjects and r-coumaric acid was identified in 5 of the 6 subjects, respectively. Hippuric acid, n-metil hippuric acid, o-metil hippuric acid, and r-metil hippuric acid were not detected in the urine of any of the subjects. Gallic acid was the phenolic compound with the highest increment in concentration after coffee consumption in the urine of all the subjects, followed by dihydrocaffeic acid. On average, gallic acid and dihydrocaffeic acid concentrations together represented ;56% of the total concentration of phenolic compounds identified in urine at 4 h after coffee consumption. No significant correlations were observed between the urinary concentrations of 5-CQA or specific phenolic acids and plasma AUC or C max of the total and individual phenolic compounds identified.
Discussion
The high content of CGA in the brewed decaffeinated C. canephora used in this study was expected and was in accordance with contents observed in the literature for both regular and decaffeinated coffees (6, 8, 19, 20, 22) . This is the first study to our knowledge to identify 8 intact CGA compounds in human plasma after acute coffee consumption: 3 CQA isomers, 2 FQA isomers, and 3 diCQA isomers. While most studies investigating the bioavailability of CGA from coffee and other food sources identified only caffeic acid in plasma and not intact CGA compounds (11, 12, 14, 16) , our study demonstrates that all major CGA compounds in coffee are bioavailable in humans. Moreover, 5-CQA, the major CGA in coffee brew, was alone responsible for only 40% of total hydroxycinnamates identified in plasma for the 4 h of the study, with a considerable contribution of other CGA to total plasma hydroxycinnamates. 3-CQA and 4-CQA together were responsible for ;18% and diCQA responsible for ;28%. It should be noted that, in our study, plasma caffeic acid contributed to only 14% of the total plasma hydroxycinnamates.
Considering that no nonesterified caffeic acid was present in the coffee brew and that during the analytical recovery test in plasma ;7% of 5-CQA was hydrolyzed into caffeic acid, our results suggest that part of caffeic acid identified in plasma might be originated from hydrolysis of CGA, probably as an artifact in the analytical procedure. Recovery tests showed that the addition of the Helix Pomatia extract to plasma or water containing 5-CQA caused partial hydrolysis of CGA with production of TABLE 3 Urinary concentration of CGA metabolites identified in each subject for 4 h after acute coffee consumption caffeic acid. This is in accordance with Manach et al. (24) , who observed that besides b-glucuronidase and sulfatase activities, this type of extract contains other esterases able to degrade CGA into caffeic acid. In addition to analytical artifacts, CGA hydrolysis during digestion, absorption, and/or metabolism should be considered. In fact, nonesterified caffeic acid was produced when 5-CQA was incubated with human intestinal digestive fluids (25) . Also, esterases in rat and human intestinal mucosa with the ability to hydrolyze hydroxycinnamates have been reported (26, 27) . The 2 plasma concentration peaks of the different CGA compounds observed after coffee consumption suggest a complex process of absorption and metabolism consistent with metabolism of xenobiotic compounds. Considering that a liquid food may take up to 1 h to reach the small intestine (28, 29) , our results suggest an early absorption of CGA in the stomach or absorption in the initial intestinal portion, followed by absorption throughout the small intestine. Absorption of 5-CQA and other phenolic compounds, such as ferulic, p-coumaric, gallic, and caffeic acids in the stomach has recently been reported in rats (17, 30) . In addition, it has been shown that 5-CQA and caffeic acid are also absorbed in the small intestine of rats (31, 32) , preferentially in the jejunum (31) . Considering that enterohepatic circulation of phenolic compounds has been observed for up to 48 h after phenolics intake (12, 33) , we cannot exclude the possibility that part of CGA compounds identified in plasma a few hours after intake originate from recycling.
Interestingly, in our study, the relative magnitude of CGA plasma peaks 1 and 2 varied considerably among the subjects. Moreover, a large inter-individual variability was observed in the overall plasma kinetics of all CGA compounds. This variability may be attributed to inter-individual differences in digestive transit time, preferential site of absorption, and metabolism of 5-CQA and caffeic acid as reported in the literature for other phenolic compounds (34) (35) (36) . According to Manach et al. (34) , important inter-individual differences in the capacity to metabolize phenolic compounds originate from differences in the activity of the cytochrome P450 and carrier systems that may be influenced by genetic polymorphisms.
In this study, the lower average CQA:diCQA molar ratio in plasma compared with the coffee brew suggests different mechanisms of absorption and/or metabolism for CQA and diCQA, with favored diCQA absorption compared with CQA and/or favored tissue uptake of CQA compared with diCQA. Moreover, despite similar amounts of FQA and diCQA in the brew, FQA was detected in the plasma of only 1 subject in a concentration 5.5 times lower than that of diCQA in the same subject. The low or undetectable concentration of FQA in human plasma following coffee consumption may be explained by a poor absorption of these compounds compared with CQA and diCQA and/or by a rapid uptake and storage by organs such as the liver. Liver uptake and storage of 5-CQA has been previously suggested (31, 37, 38) . Also, Farah (36) observed a favored uptake of FQA over CQA and diCQA in an in vitro study using human hepatoma cells. Another possibility for low plasma concentrations of FQA would be the demethylation of the ferulic acid moiety of the ester and conversion of FQA into CQA, because the only difference between both classes of compounds is the substitution of a metoxyl group by a hydroxyl group in the 3 position of the aromatic ring of the hydroxycinnamic acid moiety. Whether the demethylation would occur in the intestinal brush border cells or in the liver cells remains unanswered.
In this study, the molar ratios 5-CQA:3-CQA and 5-CQA: 4-CQA were higher in plasma than in the coffee brew, suggesting either a higher absorption of 5-CQA compared with 3-CQA and 4-CQA isomers or that 3-CQA and 4-CQA are rapidly metabolized and/or stored in organs such as liver. This last possibility is in agreement with a previous study (36) where a favored uptake of compounds with the esterification of cinnamic acids in the 3 and 4 positions of the quinic acid was observed compared with those in the 5 position.
Although the subjects were advised not to consume food sources of phenolic compounds on the day prior to the study, low concentrations of 5-CQA, caffeic, ferulic, isoferulic, r-coumaric, gallic, and vanillic acids were identified in the baseline (fasting) urine of the different subjects. Cremin et al. (12) also detected 5-CQA in urine of subjects even after 2 d consuming a low phenolic diet, possibly because 5-CQA is slowly metabolized and excreted. 3-CQA, 4-CQA, and 5-CQA have also been found in human gastrointestinal fluids after 12-h fasting (18) . The identification of phenolic compounds in fasting urine and gastrointestinal fluids supports the hypothesis of gradual CGA utilization and excretion in humans (12, 37) .
After coffee consumption, in addition to 5-CQA and the phenolic acids present in the baseline urine, dihydrocaffeic, r-hydroxybenzoic, and sinapic acids were also identified, consistent with previous human studies evaluating urinary metabolites after consumption of different sources of 5-CQA or hydroxycinnamates (12, 13, 15, 16, 33, (39) (40) (41) (42) . Different authors (13, 21, 39, 42) suggest that ferulic, isoferulic, dihydrocaffeic, and vanillic acids are the main human caffeic acid metabolites. In our study, dihydrocaffeic acid, an immediate caffeic acid metabolite, and gallic acid were the major metabolites excreted in urine after coffee consumption. Moreover, the urinary excretion of ferulic, isoferulic, and vanillic acids also increased after coffee consumption.
From the different CQA and diCQA compounds identified in plasma after coffee consumption, only 5-CQA, the major CGA in plasma, was also identified in urine, although in small amounts. Therefore, it appears that bile and other digestive fluids, rather than urine, are the preferential excretion pathways for circulating intact CGA compounds, as suggested for flavonoids (18, 43, 44) .
In conclusion, our study clearly indicates that at least 6 intact major CGA compounds are found in human plasma after acute coffee consumption and also that CQA and diCQA isomers are probably differentially absorbed and/or metabolized. Moreover, urine does not appear to be a major excretion pathway of intact CGA compounds. A large inter-individual variation clearly exists in CGA absorption and/or metabolism.
